Abstract Although electrohydraulic discharge is effective for wastewater treatment, its application is restricted by water conductivity and limited to the treatment of low conductivity water. For high conductivity water treatment, water-surface discharge is the preferred choice. However, the metallic electrodes are easily corroded because of the high temperature and strong oxidative environment caused by gas phase discharge and the electrochemical reaction in water. As a result, the efficiency of the water treatment might be affected and the service life of the reactor might be shortened. In order to avoid the corrosion problem, nonmetallic electrode water-surface discharge is introduced into high conductivity water treatment in the present study. Carbon-felt and water were used as the high voltage electrode and ground electrode, respectively. A comparison of the electrical and chemical characteristics showed that nonmetallic electrode discharge maintained the discharge characteristics and enhanced the energy efficiency, and furthermore, the corrosion of metal electrodes was avoided.
Introduction
High voltage electrical discharge for water treatment has been studied a great deal because of its physical and chemical effects on pollutants or microorganisms in water. Previous electrical discharge reactors for water treatment have utilized two basic types of discharges, namely, electrohydraulic discharge and water-surface discharge. In an electrohydraulic discharge reactor, the anode and the cathode are both submerged in water [1] . Because of the direct contact between the electrodes and the water, the current leaked through the water. This leakage current increased with water conductivity and, as a result, the Joule heating of the water and electro circuit increased. When investigating the pulsed breakdown of water, JONES et al. found an increase in the current-to-voltage (I/V ) ratio with water conductivity during the prebreakdown stage [2] . Therefore an increase in energy consumption is required to initiate the discharge, which leads to a decrease in energy efficiency. On the other hand, the equivalent resistor of the inter-electrode gap decreases with water conductivity, and as a result, the spatial voltage of the interelectrode gap decreases. To initiate the discharge, the power supply must output a higher voltage for the high conductivity water. It is harmful to the power supply and to the electrodes. So for high conductivity water treatment, electrohydraulic discharge is not suitable.
A water-surface discharge reactor suspends the high voltage (HV) electrode over the surface of the water and puts the ground electrode in the water [3] . The discharge occurs in air and on the air-water interface. Numerous articles have reported the discharge characteristics and applications of water-surface discharge [4∼12] , and all of them used metal electrodes. Due to the lack of direct contact between the HV electrode and the water, the leakage current was cut off by air between the HV electrode and the water surface. The problem caused by a large leakage current and Joule heating could be alleviated in water-surface discharge. So for high conductivity water treatment, water-surface discharge is more suitable than electrohydraulic discharge. However, the ablation of the HV electrode is more serious for watersurface discharge because of the poorer cooling action of air compared with water. The ablated HV electrode influences the discharge characteristics and chemical behaviors constantly. In addition, the metal electrode is easily oxidized by radical species generated by discharge and rust on the surface of the HV electrode, which disturbs the discharge. In addition, a metal-ground electrode submerged in high conductivity water is easily corroded. Finding a solution to metal electrode corrosion in water-surface discharge is a challenge for designers. It must avoid the corrosion of metal electrodes without negatively affecting the discharge characteristics and chemical behaviors. Considering this requirement, nonmetallic electrode water-surface discharge has been introduced for high conductivity water treatment.
In a nonmetallic electrode surface discharge reactor, water and carbon-felt are used as the ground electrode and the HV electrode respectively. When investigating the glow-to-spark transition in a metal-pin-to-water discharge, BRUGGEMAN et al. found that for water conductivity higher than 0.5 mS · cm −1 , the transition criterion depended on the current limiting resistor of the power supply but not on the water conductivity [9] . By the same rule, the discharge would not be influenced by the water ground electrode or the metal ground when the water conductivity exceeded 0.5 mS · cm −1 . Carbon fiber is an excellent electrode material used in electrochemistry and microbiological fuel cells [13, 14] . Because of its good electrical conductivity, flexibility in structural configurations, chemical and thermal stability, carbon fiber could also be adapted to the needs of HV discharge electrodes. Some discharge researchers have used carbon fiber as HV electrodes to remove organic compounds in waste gas [15, 16] , and their results indicated an enhancement of removal efficiency when using carbon fiber electrodes. So the performance of the nonmetallic electrode water-surface discharge reactor might be optimized by using a carbon fiber HV electrode without being significantly influenced by the water ground electrode. With no metal electrode used, corrosion is avoided fundamentally.
Effluent seawater from the packed towers of seawater flue gas desulfurization (SWFGD) is a typical high conductivity wastewater that needs treatment. The conductivity of seawater always exceeds 40 mS · cm −1 . Sulfite is the main byproduct and should be oxidized to sulfate before being drained into the ocean. The traditional solution is diluting the effluent seawater to a high pH value (usually over 6.8) and oxidizing the diluted effluent seawater by aeration. Because of the low oxidation rate and large area of the aeration basin, electrical discharge is used for enhancing the oxidation rate of sulfite oxidation [12] . Although it is effective, the metal electrodes must be replaced frequently because of corrosion. In order to overcome the drawback of metal corrosion, nonmetallic electrode water surface discharge has become an inevitable choice. The preliminary results show that sulfite oxidation efficiency is enhanced by nonmetallic water surface discharge and the corrosion of the HV and ground electrodes may be avoided fundamentally. 
Reactors
Comparison of discharge characteristics and chemical behaviors between metal-ground and water-ground electrode discharges was conducted in metal-needle HV electrode reactors as indicated in Fig. 2 . The reactor constructions (see Fig. 2 ) were similar except for the ground electrode. For the water-ground electrode reactor, the ground electrode was the water connected to the ground with a wire, and the horizontal distance between the wire and the needle HV electrode could be adjusted. For the metal-ground electrode reactor, the ground electrode was a metal plate submerged in water. The needle tips were about 0.5 mm in diameter and 10 mm in distance to the water surface in both reactors. Only one steel needle HV electrode was set to investigate the discharge characteristics. The diagnostic setup of the metal-ground electrode reactor, omitted in order to simplify the schematic, was actually installed in the experiments. When comparing the sulfite oxidation efficiency, the number of the needles was increased to ten. The schematic of the nonmetallic electrode surface discharge reactor is shown in Fig. 3 . The HV electrode was the carbon-felt suspended over the water surface and the ground electrode was the water connected to ground by a metal wire. The carbon-felt was 20 cm long and 7 cm wide. The distance between the carbonfelt and the water surface was 10 mm, and discharges occurred between the carbon-felt and the water surface uniformly. The water stored in the water tank flowed through the discharge region circularly. The flow rate was controlled by using a flow meter. 
Analytical procedures
The waveforms of pulsed voltage and current applied to the reactors were monitored by using a digital oscilloscope (Tektronix DPO 3000, USA), a 1:1000 high voltage probe (Tektronix P6015A, USA), and a current probe (Tektronix TCP 0150, USA). The optical emission spectra were measured by using a multichannel spectrometer (Avantes Avaspec 2048-USB2-8, NL). The aqueous concentration of sulfite was titrated in iodine solution by using dextrin solution as an indicator [12] .
3 Results and discussion 3.1 Comparison of water-ground and metal-ground electrode discharge
Comparison of electrical characteristics
Typical voltage and current waveforms are presented in Fig. 4 . The time duration of the voltage pulse was about 500 ns. Fig. 5 shows the voltage and current ranges of streamer discharge in the needle HV electrode discharge reactors. The distance was the horizontal distance between the HV electrode and the grounding point (contact point of water and the wire which connected the water to the ground). The distance of 0 cm represented the metal-ground electrode reactor shown in Fig. 2 . It could be found that the initial criteria of the streamer and spark discharges hardly changed with the horizontal distance between the HV electrode and the grounding point. In other words, the corona-tostreamer and streamer-to-spark transition criteria were hardly influenced by the metal-ground or water-ground electrode. The streamer and spark initial voltages were about 7.6 kV and 22 kV, respectively. Correspondingly, the initial peak currents of the streamer and the spark were about 1 A and 4.25 A, respectively. A comparison of the volt-ampere characteristics (VAC) is shown in Fig. 6(a) . The peak current increased with the peak voltage almost linearly and was not influenced by the horizontal distance, which means that the increase of the equivalent water resistor contributed little to the total resistance of the power supply and the discharge circuit. The water-ground electrode or the metal-ground electrode would not influence the VAC obviously. The correlation of pulsed energy and peak voltage shown in Fig. 6(b) indicates the same conclusion. In Fig. 6(b) , the pulsed energy is calculated by using Eq. (1):
where E is the energy of a pulse, t p is the time duration of the pulse, V and I are the voltage and current recorded by using the oscilloscope with a voltage probe and a current probe. The integration process was operated by origin 7.5. As no free electrons appeared (free electrons were quickly solvated within 1 ps time scales), the current was transferred by ions in liquid for water-surface discharge [8] . There is no doubt that the charge carrier density increased with water conductivity. When investigating the glow-to-spark transition in a metal-pinto-water discharge, BRUGGEMAN et al. found that water conductivity influenced the discharge characteristics significantly at low water conductivities. But for water conductivity exceeding 0.5 mS · cm −1 , the transition criterion depended on the current limiting resistor of the power supply [9] . The conductivity of seawater is over 40 mS · cm −1 (56.5 mS · cm −1 in this study) and much higher than 0.5 mS · cm −1 , the equivalent resistance of water is not the key factor which influences the discharge characteristics significantly. So the waterground and metal-ground electrode reactors would exhibit similar discharge characteristics.
Comparison of radical species
Optical emission spectral (OES) is an effective method to diagnose electrical discharge plasmas [6,8,16∼20] . In this study, OES was used to compare discharges that occurred in reactors with water-ground and metal-ground electrodes.
First of all, the emission spectrum of streamer discharge was different from that of a hybrid streamer and spark discharge. As shown in Fig. 7 , emission peaks of streamer discharge were accumulated in the UV band (200∼400 nm), but for hybrid streamer and spark discharge, emission peaks were distributed from 200 nm to 900 nm. As to typical radical species, it was also different for these two kinds of discharges. 10 .99 eV and 12.08 eV, respectively. For streamer discharge, the electron energy was 1∼10 eV [21] contributing to the diffusion of the discharge region. So streamer discharge could not provide electrons with energies high enough to excite the emission peaks of ·O at 777.19 nm, 844.64 nm and 926.60 nm. But once a spark was ignited, the main discharge region was constricted into a filament and the energy density increased suddenly. The electron energy could rise up to over 10 eV and excite the emission peaks of ·O radicals shown above. For this reason, it is better to select emission intensities of ·OH at 296.24 nm and * O 2 at 337 nm as indicators to compare the radical species generation efficiencies of water-ground and metal-ground electrode discharges. Emission intensities of ·OH at 296.24 nm and * O 2 at 337 nm at different horizontal distances are compared in Fig. 8 . It can be found that the emission intensities of these radical species increased with the peak voltage. The divide of the increase rate was the spark initial voltage of 22 kV, under which the increase rate was flat, but above which the increase rate became steep. It can also be found that the horizontal distance influenced the emission intensities of selected radical species little. Taking ·OH at 296.24 nm for example, emission intensities of water-ground electrode discharge with the horizontal distance of 5 cm and 10 cm were about 90% of the emission intensity of metal-ground electrode discharge at 26.7 kV. Taking into account the slight difference in pulsed energy as shown in Fig. 6(a) , the waterground electrode discharge and metal-ground electrode discharge exhibited a similar radical generation efficiency.
Comparison of sulfite oxidation efficiency
In order to compare the sulfite oxidation efficiency, ten steel needles were used as the HV electrode in the reactors shown in Fig. 2 . The distance between two needles was 10 mm. The solution was NaHSO 3 dissolved into seawater with a conductivity of 46.5 mS · cm −1 and an initial sulfite concentration of 2 mM. From Fig. 9 , it can be found that the sulfite oxidation rates were similar for both the water-ground and the metal-ground electrode reactor. The oxidation ratios of 20 mL solution were both about 100% after 30 minutes. In conclusion, for seawater, the discharge characteristics and chemical performance of water-surface discharge were not influenced by the water ground electrode and metal ground electrode significantly. It is feasible to replace the metal ground electrode with a water ground electrode to avoid corrosion in high conductivity water treatment.
Comparison of carbon-felt and metal needle HV electrode discharge
On the basis of the water ground electrode, the nonmetallic electrode water-surface discharge reactor came into being by adopting a carbon-felt HV electrode, as shown in Fig. 3 . The sulfite oxidation rate in the nonmetallic electrode discharge reactor is shown in Fig. 10 . The initial concentration of sulfite was 2.0 mM and the volume treated was 500 mL. The oxidation ratio was 100% after 30 min under the peak voltage of 25.8 kV, which was the same as the multi-needle HV electrode discharge shown in Fig. 9 . Energy efficiencies of the multi-needle HV electrode discharge and nonmetallic electrode discharge are compared in Fig. 11 . The energy efficiency is calculated by using Eq. (2):
In Eq. (2), ρ is the time averaged energy efficiency, E the pulsed energy calculated by Eq. (1), f the repetition frequency, t the running time of discharge, V the water volume, C 0 the initial concentration of sulfite, and C t the concentration of sulfite at the time point of t. From Fig. 11 it is found that the time averaged energy efficiency decreases with time in both the multi-needle HV electrode discharge and nonmetallic electrode discharge because of the non-linear correlation between C/C 0 and time. Comparing the energy efficiency curves in Fig. 11 , it can also be found that the energy efficiency of the carbon-felt HV electrode discharge exceeds that of the multi-needle electrode discharge by two times. The carbon-felt HV electrode could improve the energy efficiency remarkably. The carbon-felt was disordered porous carbon composed of carbon fiber as shown in Fig. 12 . Numerous fiber awns on the surface made it a multi-needle system naturally. Because of the large quantity and uniform distribution of awns, it is more likely to form large scale non-equilibrium plasma in the inter-electrode space compared with artificial multi-needle systems. As a result, the reaction between the liquid phase sulfite and the gaseous plasma was more significant. In addition, some researchers believe that the carbon itself might affect the nature of the chemical reactions occurring between gaseous components [15] and might be helpful to the generation of radical species. Benefiting from the enhancements of the discharge and the reaction, the energy efficiency was significantly enhanced by our carbon-felt HV electrode. Application of the water ground electrode determined that the nonmetallic electrode discharge was unsuitable for treatment of water with very low conductivities. In order to verify the applicable scope of the nonmetallic electrode discharge, discharge photographs and electrical characteristics were considered. Photographs of the nonmetallic electrode discharge under different water conductivities are shown in Fig. 13 . The number of discharge channels increased with water conductivity from 250 µS · cm −1 to 5 mS · cm −1 . But when water conductivity exceeded 5 mS · cm −1 , the increase of discharge channels was not obvious. For seawater with a conductivity of 46.5 mS · cm −1 , the number of discharge channels was similar with that of 5 mS · cm −1 . Fig.13 Discharge photographs under different water conductivities (color online) Fig. 13 also indicates the influence of water conductivity on the distribution of discharge channels. For low water conductivities, the discharge channels concentrated on the side of the grounding point (left side of photographs). But for water conductivity exceeding 1 mS · cm −1 , the discharge channels were dispersed throughout the inter-electrode space uniformly. Combining discharge photographs with electrical characteristics, as shown in Fig. 14 , the conductivity range could be found in which the nonmetallic electrode watersurface discharge was successful. In Fig. 14 , both the peak current and the pulsed energy increase with the peak voltage. However, the increase rate was influenced by water conductivity. The rough divide of the increase rate was 1 mS · cm −1 , under which the increase rate was low but over which the increase rate was high. So considering the electrical characteristics and homogeneity of discharge channels, the nonmetallic electrode discharge was suitable for the treatment of water with conductivities in the order of mS · cm −1 magnitude. 
Conclusion
A nonmetallic electrode surface discharge reactor used the water ground electrode and carbon-felt HV electrode was introduced for high conductivity water treatment. Based on the experimental results, several remarks are given as follows.
a. Replacement of the metal ground electrode with a water ground electrode did not significantly influence the electrical characteristics, optical emission spectrums, radical species generation efficiency, and sulfite oxidation efficiency. It is feasible to replace the metal ground electrode with a water ground electrode to avoid metal corrosion of the ground electrode.
b. The application of the carbon-felt HV electrode doubled the energy efficiency, as compared with the multi-needle HV electrode. Application of the carbon HV electrode could not only avoid corrosion of a metal HV electrode but also improve the energy efficiency.
c. The nonmetallic electrode discharge introduced in this study was suitable for the treatment of water with conductivities over 1 mS · cm −1 .
